Performance of FeCoB based thin-film microwave noise suppressor applied to the electromagnetic interference design in the GHz frequency range J. Appl. Phys. 115, 17A304 (2014) Magneto-inductive (MI) waveguides are metamaterial structures based on periodic arrangements of inductively coupled resonant magnetic elements. They are of interest for power transfer, communications and sensing, and can be realised in a flexible cable format. Signal-to-noise ratio is extremely important in applications involving signals. Here, we present the first experimental measurements of the noise performance of metamaterial cables. We focus on an application involving radiofrequency signal transmission in internal magnetic resonance imaging (MRI), where the subdivision of the metamaterial cable provides intrinsic patient safety. We consider MI cables suitable for use at 300 MHz during 1 H MRI at 7 T, and find noise figures of 2.3-2.8 dB/m, together with losses of 3.0-3.9 dB/m, in good agreement with model calculations. These values are high compared to conventional cables, but become acceptable when (as here) the environment precludes the use of continuous conductors. To understand this behaviour, we present arguments for the fundamental performance limitations of these cables. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Electromagnetic induction was first investigated by Faraday in 1831 and is embodied in Faraday's Law, r Â E ¼ À@B=@t, relating the spatial variation of the induced electric field to the rate of change of a magnetic field. The principle was proposed for power transfer by Tesla in the 1890s, 1 and has recently been further developed. 2 It has also been considered for communications in challenged environments (underground or undersea), where electromagnetic waves are strongly attenuated. 3 The key problem with free space magnetoinductive (MI) systems is the rapid fall-off in coupling efficiency with distance, which limits the useful range to approximately the coil diameter. One solution is the introduction of additional resonant loops between the transmitter and receiver. 4, 5 When there are many such loops, these systems can be considered an MI waveguide [6] [7] [8] or, in the limit, a metamaterial. Metamaterials are artificial media, [9] [10] [11] whose electromagnetic properties are determined not by their chemistry, but by their structure: in particular, arrays of ring resonators 11, 12 or of "Swiss Rolls" 11, 13 can provide an effective magnetic response in the radiofrequency (RF) and microwave regions. As in any periodic system, waves can propagate if the elements are coupled. For magnetic metamaterials, which are inductively coupled, these are MI waves, which are analogous to spinwaves or magnons 14 in conventional magnetic materials. MI waves were proposed in Refs. 6 and 7, verified experimentally in Refs. 15 and 16, and have been widely studied ever since. Practical MI devices have been developed, 17 and studies have been made of communication systems 4, 18, 19 based on two and three dimensional waveguides.
Generally, the elements are spatially isolated resonant loops, so the magnetic coupling is weak. An alternative approach is to form the loops on a flexible substrate as the elements of a cable. 20 Using double-sided patterning, the loops can be overlaid to enhance their coupling, and thus form cables that have low loss and are insensitive to bending. 21 MI cables are potentially useful as safe interconnects to internal coils in magnetic resonance imaging (MRI). A small internal coil can have a better filling factor for the target tissue but a smaller sensitivity to body noise, resulting in an improved signal-to-noise ratio (SNR) compared to external coils. Unfortunately, transmission of the signal using continuous wires is inherently dangerous, because standing waves may easily be excited on long conductors during the excitation phase of MRI. If this occurs, rapid heating ensues. MI waveguide cables, on the other hand, have no continuous electrical paths, and so are inherently MRI-safe. 20, 22 They can be wrapped around a catheter and are compatible with procedures such as endoscopic insertion. 22, 23 Key issues in communication, imaging, and sensing are loss and noise. In MI waveguides, loss arises from the finite resistance of the conductors (typically copper) used to construct the LC resonators. This resistance generates thermal noise, as originally observed and explained by Johnson and Nyquist in the 1920s. 24, 25 This linkage is fundamental and was later developed into the fluctuation-dissipation theorem (FDT), [26] [27] [28] which relates fluctuations (or noise) to loss (or the imaginary part of the susceptibility). At low frequency, the mean square noise voltage from a resistor R at a temperature T is given by 24, 25 
per unit bandwidth, where k B is Boltzmann's constant. Introducing sources mimicking thermal noise generation into the circuit model for MI waveguides allows a detailed prediction of the noise performance. 29, 30 A similar approach has been used 19, 31 to study MI communication systems. In a previous paper, 32 we investigated the noise in coupled resonator arrays. Noise was generated by the resistance of the copper tracks, according to (1) , but trapped within the array. Consequently, in extended samples, it took the form of standing waves. These noise resonances were probed and the measurements compared to the predictions of a simple circuit model, with excellent agreement. Here, we study the noise that is coupled out of an array, which is now configured as a practical interconnect based on a MI cable, and present the first experimental measurement of the noise performance of such cables. In Sec. II, we develop an appropriate circuit model. In Sec. III, we describe the experimental cables and compare measurements of their transmission and noise figure with model predictions. In Sec. IV, we contrast the performance of MI cables with more conventional cables and discuss their fundamental limitations. Finally, we present conclusions in Sec. V.
II. CIRCUIT MODEL
The model is simple: the cable and its terminations are described by their circuit parameters, including those of the source and load, as shown schematically in Figure 1 .
The characteristic impedance of an MI waveguide is 33
where x 0 is the angular resonant frequency, M is the mutual inductance between nearest neighbours, k ¼ k 0 À jk 00 is the complex propagation coefficient, and a is the unit cell length. This impedance is generally complex, but at resonance, k 0 a ¼ p=2 and k 00 a % 1=jQ, so for low loss (high Q) systems, the impedance reduces to Z 0MI ¼ x 0 M, which is purely resistive. It is therefore possible, by careful choice of parameters, to match the cable to 50 X impedance for connection to conventional RF systems. Furthermore, by using broadband terminations comprising loops with half the inductance and double the capacitance of the main cable, 34 a reasonable match can be achieved over the whole operating band. These terminations, with a source of voltage v s and impedance Z s and a load of impedance Z L , are shown in Fig. 1 . Noise is modelled by providing each resistive element with a voltage source whose value is chosen to represent its Johnson noise (1). These sources are uncorrelated.
We then apply Kirchhoff's circuit equations to calculate the internal currents and hence the voltage that appears across the load. In matrix form these are
. .
where Z t ¼ jxL=2þR=2þ1=jx2C andZ ¼ jxLþRþ1=jxC are the impedance of the terminating and cable loops, respectively, M ¼ jL=2 is the mutual inductance between loops in the cable body, and M t ¼ jL= ffiffi ffi 2 p that at the terminations. Here, j ¼ 2M=L is the inter-loop coupling coefficient used in normalised descriptions. The source and load impedances (Z s and Z L , respectively) are both set to 50 X here. The noise voltage in the source loop is the incoherent sum of the noise (v s ) from the source itself and the noise voltage (v t ) arising from the resistance in the loop, according to (1) . The noise of the load impedance is not included in this calculation; it is incorporated in the noise characteristics of the succeeding instrument. Then, (3) can be written as ZI ¼ Vor I ¼ Z À1 V ¼ YV, where Z and Y5Z -1 are the impedance and admittance matrices, respectively. The contributions of the source and each of the cable loops to the noise current in the output circuit, I t , (and hence to the noise voltage in the load), are calculated independently, and summed incoherently. Thus, the noise in the load is
The cable transmission can also be obtained from (3), but with all the noise voltages set to zero, and a signal voltage V s of unity. This gives
where we have written the transmission as G to correspond with the notation used for the noise figure derivation below. The noise factor, F, and noise figure, NF, for a device under test are defined as F ¼ SNR in =SNR out and NF ¼ 10 log 10 ðFÞ:
Here, SNR in is the signal-to-noise ratio at the device input, and SNR out is the corresponding value at the output. Let the input signal and noise be S and N i , respectively, and let the device (the cable) have a gain or transmission G and generate additive noise N A at its output. Then
N A can be obtained from (4) , N i from (1), and G from (5), thus allowing the noise figure to be calculated from the circuit parameters.
III. MEASUREMENTS
The experimental samples consisted of two cables from a test set designed to explore performance around 300 MHz, compatible with 1 H MRI at 7 T, with the key difference between them being the size and number of the inductive loops, and hence the mutual inductance between the loops. The cables used here contained 9 and 10 loops of 80 and 70 mm length, respectively, so that each cable was $85 cm long. The cables were fabricated in copper-clad Kapton V R flexible printed circuit board (PCB) (35 lm Cu on 25 lm polyimide; Dupont) by a double-sided patterning process, 35 with the layout shown in Figure 2 (a). Each loop is divided into two halves, each of inductance L/2, and the capacitors are similarly divided into two, each of value 2C. The loops are overlaid, with neighbouring loops on opposite sides of the substrate, to maximise the desired coupling while rendering the coupling to non-nearest neighbours negligible. The tracks on the two sides of the substrate are off-set to reduce parasitic capacitance (which has the effect of lowering the high frequency cut-off of the cables and increasing attenuation through the dielectric loss of the Kapton). 36 The processed PCB (Figure 2(b) ) contained arrays of cables together with single and paired elements used to extract the electrical parameters. The patterned cables were first separated and each loop made resonant using surface mount capacitors, and then terminated to match to 50 X over the operating band using transducer final loops with inductance L/2 and capacitance 2C (Ref. 34) (Figure 2(b) , inset, shows a completed cable). Table I shows the details of the cables.
A. Electrical parameters
The electrical parameters in Table I were measured as follows. The self inductance of the loops was found by measuring the resonant frequency of a single element, tuned with a known capacitance, using weakly coupled inductive probes for excitation and detection, and the Q-factor was obtained from the full width at half height of this resonance. The mutual inductance, and hence the coupling coefficient, was found from the resonant frequencies of a coupled pair of loops. Hence the characteristic impedance could also be determined. The cables were then characterised by measuring their S-parameters. Each cable was mounted in turn in a screened enclosure, 85 cm long Â 15 cm square, made from unprocessed rigid PCB (single sided 1 oz copper on FR4), with an SMA (Sub-Miniature version A connector) leadthrough at each end. This enclosure was placed centrally within a further enclosure of similar construction, with overall dimensions 90 Â 45 Â 30 cm. The S-parameters were measured using an Agilent 8753ES network analyser, whose ports were calibrated with open, short and load attachments in place of the test sample, together with a through connection comprising a suitable SMA adaptor. All four S-parameters were measured; the measured S 21 spectra are shown as the red full lines in Figure 3 , and compared to the spectra calculated using the currents derived from (3) and the parameters of Table I , shown as the blue, dasheddotted lines: this gives a reasonably satisfactory description of the cable behaviour. The major differences are that the measured pass band is wider and lower than the calculated pass band. These arise primarily from small variations in the patterning of the tracks, so that adjacent loops in the cables have less off-set than those in the test areas. This leads to a larger coupling coefficient and also to increased parasitic capacitance, which in turn increases loss from the dielectric substrate. We have not attempted to model these in detail, but have empirically included their effects in the model. Thus, we have introduced an extra capacitance, typically 0.5 pF, in the loops, and allowed it to be lossy: i.e., we have written DC ¼ DC 0 ð1 þ dÞ, with d in the range of 0.1-0.25. (Note that this is not a true reflection of the loss tangent of the substrate, but embraces all the parasitic loss contributions). We have also adjusted the coupling parameter j to $0.69, which gives a better match to the bandwidth. The spectra calculated with these parameters are shown as the green dashed lines in Figure 3 and give a good representation of the measured data.
B. Noise figure
The conventional method for measuring noise figure is to use a switchable noise source and a noise figure analyser. If the noise source generates a noise power N 0 when off, and N H ¼ aN 0 when on, and the ratio Y of the noise powers is measured, the noise factor can be determined as
where ENR ¼ a À 1 is the excess noise ratio (ENR) of the switchable noise source. For a sequence of N devices, with noise factors F 1 ; F 2 ; Á Á Á ; F N and gains G 1 ; G 2 ; Á Á Á ; G N , the total gain is G ¼ G 1 Á G 2 Á Á Á G N and the total noise factor is 37
: (9) By measuring the gain and noise factor of the system as it is built up, the noise figure of each element can be extracted in turn.
Rather than just obtaining the ratio Y, it is preferable to measure the noise spectra individually. Accordingly, we used an Agilent N1996A spectrum analyser to record spectra at 1001 points in the frequency range of 50-450 MHz, with a resolution bandwidth of 1 MHz, and a video bandwidth of 30 Hz. The noise was generated by a switchable noise generator (BBGEN 38 ), which was switched on and off for alternate scans. Its ENR in the frequency range of the cables is approximately 15 dB when used with a 10 dB attenuator. The signal at the cable output was amplified using an HD24388 pre-amplifier 39 before being routed to the spectrum analyser. 2048 scans of each state were accumulated and their rms average taken. Two preliminary sets of measurements, first with the noise generator alone and then with the noise generator and pre-amp, were made to characterize the equipment. These allowed the noise figure for the spectrum analyser ($35 dB) and the gain and noise figure of the pre-amp ($25 dB and $0.7 dB, respectively, in agreement with the specifications) to be established. The cable was then introduced, so the system contained the device under test. Following analysis, either using the Y-factors and the Friis cascade formula (9) or by direct calculation of the various noise spectra, the noise factor for the cable was extracted, and hence the noise figure found. These are shown in Figure 4 as the red lines and compared to the calculated values from (7) and (4) shown as the blue dashed-dotted lines. The key point in these results is that there are no adjustable parameters in the calculations. The cable properties are fixed: the capacitance is simply the size of the surface-mount component attached to the circuits, and the loop inductance and resistance are obtained from measurements of the resonant frequency and Q-factor of single elements. The noise figure (6) is a ratio, so there are no scaling factors. The calculated noise figure over the useable frequency band is approximately 1.25 dB for both cables, which we can write as 1.45 dB/m in the low loss limit for comparison purposes.
The measured values are 1.9 and 2.4 dB for the 70 mm and 80 mm cables, respectively, corresponding to 2.3 and 2.8 dB/m. As explained previously, this difference arises partly because there is parasitic capacitance between the loops that also introduces loss from the dielectric substrate; this effect is not included in the basic model. Nevertheless, for a calculation with no variable parameters, the agreement between the measured and calculated noise figures is pleasing. If we introduce the allowance for the parasitic capacitance as described for calculating the S-parameters and include a contribution to the noise from the loss in the parasitic capacitor, we obtain the green curves in Figure 4 , which show a rather better match to the measured data.
IV. FUNDAMENTAL LIMITS
Although the modified circuit model is in good agreement with the measurements, it is clear that the losses and corresponding noise figures of MI cables are high. We now consider whether the origin of the loss can be understood and potentially reduced.
First, we emphasise that loss and noise are related. This is clear both from (1) which shows that all resistors generate noise, and more generally from the FDT. [26] [27] [28] This relates the fluctuations in a system at temperature T, with generalised coordinates X, acted on by generalised "force" F, to its generalised susceptibility v, where v ¼ X=F, through
where v 00 is the imaginary part of the susceptibility. Thus, the FDT links noise to loss. The fluctuations arise because when a "force" is applied at finite temperature, there is a continuum of states into which the system can move, whose probability of occupation is governed by Boltzmann statistics. Even when no "force" is applied, the system can lie in a range of states, and can even move between these states when in thermal equilibrium. Thus, there are fluctuations in X and hence F which manifest themselves as noise. Accordingly, we only need to review the loss mechanism in the cables: the noise figure will follow the loss.
We have already seen that the lowest attenuation in an MI cable occurs at resonance, when k 00 a % 1=jQ ¼ R=2x 0 M and the impedance is Z 0MI ¼ x 0 M. We can therefore write k 00 ¼ R s =2Z 0MI , where R s is the resistance per unit length of the cable and is given by R s ¼ R=a. In fact, all transmission lines have an attenuation constant of k 00 ¼ R s =2Z 0 (Ref. 40 ), where R s is the series resistance per unit length and Z 0 is the characteristic impedance, and we have ignored the shunt conductance. In this respect, MI cable is no different. We therefore compare it to two alternatives: a parallel wire and a coaxial cable, taking as the bench-mark the MI cable without parasitic capacitance and dielectric loss, i.e., the calculation based on the values in Table I that gives the blue lines in Figure 3 , where the loss is 1.46 dB/m.
We first consider a parallel wire cable with comparable dimensions to the MI cable: a wire separation of 5 mm and a circumference equal to that of the 0.5 mm wide copper tracks in the MI cable, i.e., a diameter of 0.34 mm. We assume that these wires have the same resistance per unit length as the track in the MI cable of approximately 8.2 X/m, so the resistance per unit length of the parallel wire line would be 16.4 X/m. Furthermore, the characteristic impedance of a parallel wire transmission line is Z w ¼ p À1 Z 0 lnðD=rÞ, where Z 0 is the impedance of free space, D is the wire spacing, and r is the wire radius: in this case, Z w ¼ 405 X. This leads to an attenuation of approximately 0.088 dB/m (compared to a value of 0.04 dB/m for commercially available 300 X cable, whose wire separation is significantly greater than here). Thus, the MI cable is some 16 times lossier than a comparable parallel wire line. This arises from two factors. First, the characteristic impedance of the MI cable is 8 times smaller than that of the parallel wire line. Second, in the MI cable, the loops overlap by a factor of almost 2, so the MI cable has a resistance per unit length at least double that of a comparable parallel wire line. The 16-fold increase in attenuation of MI cable therefore has an entirely physical explanation.
Of course, we have deliberately designed the MI cable to have a characteristic impedance of 50 X, so it might be more appropriate to compare its performance with a 50 X coaxial cable. For this purpose, we consider RG178, which has a diameter of 1.8 mm, comparable to a catheter-mounted MI cable, and a loss of $0.8 dB/m at 300 MHz. 41 This is still significantly better than the MI cable, primarily because the MI track length is two times greater as was the case for the parallel wire cable.
These factors inescapably makes the MI cable more lossy than continuous alternatives and cannot be reduced: we require large inter-loop coupling for effective propagation, and this requires large loop overlap, as has been shown previously. 20 To improve the MI cable performance, the track resistance must be reduced. This has been attempted using superconductors 42 with some degree of success. However, if superconductors were used to make conventional cables, they would still be less lossy than the MI equivalent.
The key property of the MI cable that makes it of value, despite its extra loss and noise, is the fact that it does not provide an electrically continuous connection. In cases where continuous wires cannot be used, such as in signal extraction from internal in vivo MRI, MI cables can provide a safe alternative.
V. CONCLUSIONS
In conclusion, we have measured the propagation losses and noise figures for two different magneto-inductive cables, and shown them to be poor compared to conventional cables. Fundamental explanations have been provided in terms of the series resistance and characteristic impedance. The former must typically be higher and the latter lower in MI cables. However, when a continuous cable cannot be used, the MI cable can provide a viable alternative, provided that the benefit obtained from using such a connector outweighs the extra noise penalty. This has indeed proved to be the case in internal MRI, 22 where the potential for improved imaging without compromising patient safety has been convincingly demonstrated.
